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Abstract

Multiple myeloma is a fatal hematologic malignancy associated with clonal expansion of malignant
plasma cells within the bone marrow and the development of a destructive osteolytic bone disease.
The principal cellular mechanisms involved in the development of myeloma bone disease are an
increase in osteoclastic bone resorption, and a reduction in bone formation. Myeloma cells are found
in close association with sites of active bone resorption, and the interactions between myeloma cells,
and other cells within the specialized bone marrow microenvironment are essential, both for tumor
growth and the development of myeloma bone disease. This review discusses the many different
factors which have been implicated in myeloma bone disease, including the evidence for their role
in myeloma and subsequent therapeutic implications.

INTRODUCTION

Multiple myeloma is a hematologic malignancy characterized by the development of a
progressive and destructive osteolytic bone disease, associated with severe bone pain,
pathological fractures, osteoporosis, hypercalcemia and spinal cord compression. Despite
many significant advances in the understanding of the biology of multiple myeloma, it remains
an incurable malignancy, and the destructive osteolytic bone disease is a major cause of
morbidity in patients with multiple myeloma.

Myeloma cells are found in close association with sites of active bone resorption, and the
interactions between myeloma cells, osteoclasts, stromal cells, myeloma-associated fibroblasts
and osteoblasts are crucial both for the development of the osteolytic bone disease and for
myeloma cell growth and survival in the bone marrow (1,2). The destructive nature of myeloma
bone disease is increased by the vicious cycle that develops between myeloma cells and the
bone marrow microenvironment. Although the precise molecular mechanisms responsible for
the bone destruction in multiple myeloma are not completely understood, however it is known
that the bone destruction is primarily mediated by osteoclasts, and that this destruction is
exacerbated by a reduction in osteoblastic bone formation. Patients with multiple myeloma
have abnormal bone remodeling, where resorption and formation become uncoupled, with the
end result being an increase in bone resorption and a decrease in bone formation.
Histomorphometric studies have demonstrated that bone resorption is increased in patients
with multiple myeloma, with an increase in both the number and activity of osteoclasts (3-5).
The increase in resorption is thought to be an early event in the development of myeloma bone
disease (5). Although early stages of multiple myeloma have been associated with an increase
in osteoblast recruitment, a very marked impairment of bone formation due to reduced
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osteoblast number and activity is a common feature in the later stages of the osteolytic bone
disease (5-7). This has been confirmed in studies which demonstrate that markers of bone
formation are decreased in patients with multiple myeloma (8,9).

Over recent years, our understanding of the osteoclastogenic and osteoblastic factors involved
in the development of myeloma bone disease has improved. The location of myeloma cells
adjacent to sites of active bone resorption suggests that the mechanism for osteoclastic bone
destruction in myeloma bone disease is locally mediated. In contrast, the generalized
osteoporosis associated with multiple myeloma suggests that the reduction in bone formation
may be due, at least in part, to systemic regulation. Factors which have been implicated include
RANKL, OPG, MIP-1a, SDF-1, TGF-B, Dkk1 and sFRP-2 (Figure 1). Many of these factors
have been demonstrated to be dysregulated in patients with multiple myeloma, and all may
play a role in either bone resorption or bone formation, either alone or in combination. Thus,
these factors represent potential therapeutic targets for the treatment of myeloma bone disease.

PATHOPHYSIOLOGY OF INCREASED OSTEOCLASTIC BONE RESORPTION

Myeloma cells secrete a number of osteoclast activating factors which can promote osteoclast
formation and activation, including lymphotoxin, TNF-a, IL-1, IL-3 and IL-6 (10-13). While
in vitro studies have demonstrated a role for these factors in the development of myeloma bone
disease, their role in vivo remains unclear. Cell-cell contact between myeloma cells and bone
marrow stromal cells is critically important in the development of myeloma bone disease and
plays a key role in the abnormal regulation of many factors implicated in myeloma bone
disease. Although it has been known for more than 30 years that osteoclasts are hyperstimulated
by cytokines in myeloma, there are still unresolved questions as to the nature of the local
mediators responsible for the increased osteoclast recruitment and activation.

The RANK/RANKL/OPG System

The identification of the TNF and TNF receptor superfamily members RANK, RANKL and
OPG, and their key role in osteoclast formation and activity has markedly increased our
understanding of the mechanisms involved in myeloma bone disease. RANKL is expressed on
the surface of osteoblasts and bone marrow stromal cells and the interaction between RANKL
and its signalling receptor RANK, found on the surface of osteoclast precursor cells, stimulates
osteoclast formation and bone resorption (14,15) (15). OPG is a soluble decoy receptor which
is secreted by bone marrow stromal cells and osteoblasts, and binds to RANKL, preventing its
interaction with its cognate receptor RANK (16). The interaction between RANKL and RANK
is critical in the formation and activation of osteoclasts, and inhibition by OPG results in
inhibition of bone resorption. The critical role of these TNF family members is highlighted by
in vivo studies where mice deficient in RANK or RANKL have extensive osteopetrosis due to
a lack of functional osteoclasts (17,18), whereas OPG knock out mice have severe osteoporosis
(19).

In patients with multiple myeloma, the ratio of RANKL and OPG has been shown to be
markedly dysregulated, with an increase in RANKL expression, and a concomitant decrease
in OPG expression and serum concentration (20-24) An increase in the serum RANKL:OPG
ratio has been demonstrated in patients with multiple myeloma, which correlates with both
bone disease and survival (25). There is evidence to support both an increase in RANKL
expression by bone marrow stromal cells and osteoblasts(20-22), and also for expression of
RANKL by myeloma cells (26,27). Indeed, in vitro studies have demonstrated that RANKL
expression by myeloma cells can promote osteoclastic bone resorption (26). Human myeloma
cells do not express or release OPG. However, myeloma cells can interact with bone marrow
stromal cells and osteoblasts to reduce the concentration of OPG released from these cells,
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which is consistent with the hypothesis that decreased OPG may play a role in the pathogenesis
of myeloma bone disease (20,21,28).

The key role of the RANK/RANKL/OPG system in the pathogenesis of myeloma bone disease
is demonstrated by preclinical in vivo studies which target this system using either a
recombinant OPG construct (Fc.OPG) or a soluble form of RANK (RANK.Fc). Administration
of Fc.OPG to mice with established myeloma prevented the development of osteolytic bone
lesions and was associated with a decrease in osteoclast number and bone mineral density
(29). In a separate study, preventative treatment (from the time of tumour cell inoculation) of
the 5T33 murine model of myeloma with recombinant Fc.OPG resulted in a significant
decrease in serum paraprotein and tumour burden and increase in time to morbidity (30). This
effect was attributed to the inhibitory effect of OPG on myeloma bone disease altering the bone
marrow microenvironment and thus indirectly inhibiting myeloma growth. RANK.Fc
functions as a RANKL antagonist which, in contrast to Fc.OPG, does not bind to TRAIL.
Therefore the effects of RANK.Fc reflect specific inhibition of RANKL. RANK.Fc was shown
to prevent the development of myeloma bone disease, and to reduce tumour burden in the
5TGM1 murine model of myeloma (31) and in the SCID-hu model of human myeloma (20,
32). Taken together, the use of preclinical models has both demonstrated the potential of
targeting the RANK/RANKL/OPG system in treating myeloma bone disease, and raised the
possibility that targeting this system may also influence myeloma growth and survival in the
bone marrow.

MIP-1la—Macrophage inflammatory protein-1o (MIP-1a) is a chemokine that is produced by
myeloma cells and induces osteoclast formation, thus making it a good candidate for a
therapeutic target for the treatment of myeloma bone disease. In patients with multiple
myeloma, serum levels of MIP-1a have been shown to correlate both with severity of bone
disease and survival (33). Choi et al. identified MIP-1a as an osteoclastogenic factor in multiple
myeloma, demonstrating both an increase in the concentration of MIP-1a in bone marrow
plasma from patients with multiple myeloma, and that the osteoclastogenic activity of this
plasma was inhibited by the addition of a neutralising antibody to MIP-1a (34). MIP-1a
interacts with several chemokine receptors, and recent evidence suggests that its
osteoclastogenic effect is mediated by the chemokine receptors CCR1 and CCRS5, raising the
possibility that specific antagonists to these receptors may be of therapeutic value in myeloma
bone disease (35). The osteoclastogenic effect of MIP-1a in murine calvariae is not observed
in RANK knockout mice, suggesting that the osteoclastogenic effect of this chemokine may
be at least partially mediated through RANKL (36).

There have been several preclinical studies targeting MIP-1a in the development of myeloma
bone disease. Choi et al. used ARH myeloma cells stably transfected with an anti-sense
construct to MIP-1a in SCID mice to study the effect of inhibition of tumour-derived MIP-1a
(37). Antisense inhibition of MIP-1a. resulted in an inhibition of the development of myeloma
bone disease, and also an increase in survival. Oyajobi et al. determined the effect of
neutralising monoclonal antibodies to MIP-1a in the 5TGM1 murine model of myeloma (36).
The antibodies significantly inhibited the development of myeloma bone disease, reduced
tumour load and tumour growth in bone. MIP-1a thus appears to be a major mediator of
osteoclastic bone destruction in myeloma bone disease, and may represent a therapeutic target
for the treatment of myeloma bone disease.

Vascular endothelial growth factor (VEGF) has an important role in the induction of
neovascularization in solid tumors. However it was not until 1994 that the microvessel density
of bone marrow in myeloma patients was defined to correlate with disease progression and
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poor prognosis (38). The majority of myeloma cells can secrete VEGF. In addition, VEGF can
substitute for M-CSF in the induction of in vitro osteoclast differentiation (39). A recent study
has demonstrated that blockade of both VEGF and osteopontin almost completely abrogated
angiogenesis and bone resorption enhanced by coculture of myeloma cells and osteoclasts
(40), suggesting VEGF may support osteoclastic bone resorption in myeloma.

SDF-1 alpha/CXCR-4

Stromal derived factor-1 alpha (SDF1; CXCL12) is a CXC chemokine. Its receptor is CXCR4
which expressed on hematopoeitic stem cells and lymphocytes, as well as malignant cells and
osteoclast precursors (41-43). SDF-1 is expressed by bone marrow stromal cells and
endothelial cells. SDF-1/CXCR-4 plays an important role in hematopoietic stem cell homing
and tumor migration and proliferation. Recent data showed SDF-1 can not only mediate the
migration and homing of myeloma cells (44), but increase osteoclast motility and bone
resorbing activity (45). This was associated with an overexpression of osteoclast activation-
related genes, including RANKL, RANKL, TRAP, MMP-9, CA-1I and Cathepsin K.
Osteoclast activation mediated by myeloma cells could be reduced by CXCR-4 specific
inhibitor (45). These findings suggest that SDF-1a is an important factor in the pathogenesis
of myeloma bone disease.

Cell-cell interactions

Myeloma cells are found in close association with sites of active bone resorption, and direct
cell-cell interaction has been demonstrated to play an important role in both tumor growth and
the development of myeloma bone disease. The adhesion of myeloma cells to bone marrow
stromal cells activates the NF-kB pathway, resulting in the stimulation of myeloma cell growth,
survival, drug resistance and migration. Interactions between myeloma cells and bone marrow
stromal cells are known to up-regulate a number of factors which promote osteoclastogenesis,
including 1L-6 and RANKL. Interactions between alpha4-betal integrin and vascular cell
adhesion molecule 1 (VCAM-1) have been demonstrated to increase the production of
osteoclast stimulating activity, which could not be attributed to IL-6, TNF or PTHrP(46).
Furthermore, inhibition of this activity, using a monoclonal antibody to alpha4 integrin was
found to inhibit the development of multiple myeloma and the associated osteolysis in the
5TGM1 murine model of myeloma (47). Interactions between bone marrow stromal cells and
myeloma cells have also been demonstrated to increase the expression of RANKL by the bone
marrow stromal cells, with data supporting a role for the VCAM-1-a4bl interaction (48).
Further evidence for the importance of cell-cell interactions to disrupt the RANKL-OPG
system was provided by the demonstration that interactions between myeloma cells and
osteoblasts or bone marrow stromal cells decrease the production of OPG (21,28). MIP-1 alpha
is a critical factor in myeloma bone disease, and has been demonstrated to increase adhesion
of myeloma cells to bone marrow stromal cells by interactions with CCR1 on osteoclasts and
CCRS5 on myeloma cells, thus potentiating myeloma growth and development of myeloma
bone disease (35).

In addition to interacting with bone marrow stromal cells, myeloma cells can also adhere
directly to osteoclasts. The direct interactions between myeloma cells and osteoclasts have
been shown to both increase myeloma cell proliferation and increase osteoclastic
differentiation (49,50). These effects were only partially blocked by an antibody to IL-6, but
were completely abrogated by inhibition of cellular contact, demonstrating the critical role of
direct contact between myeloma cells and osteoclasts(50). Interactions between myeloma cells
and osteoclasts have also been shown to result in an increase in the secretion of proangiogenic
factors, and an increase in vascular tubule formation, suggesting a link between myeloma cells,
osteoclasts and angiogenesis (40).
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PATHOPHYSIOLOGY OF OSTEOBLAST INHIBITION

For many years, the increase in osteoclastic bone resorption was thought to be the primary
mechanism for the development of myeloma bone disease. It is now recognized that a reduction
in bone formation plays a critical role in the development of myeloma bone disease, resulting
in both a generalized loss of bone and an inability to repair the osteolytic lesions which occur
as a result of increased bone resorption. Although the precise cellular and molecular
mechanisms which regulate osteoblast function in myeloma remain to be determined, several
studies have identified a number of factors which are dysregulated in multiple myeloma and
which may play arole in the suppression of osteoblast formation and differentiation, including
Dkk1, sFRP-2, IL-3, Runx2 and TGF-B.

Inhibition of Wnt signaling

The Wnt signaling pathway plays a key role in the regulation of bone mass, as demonstrated
by human genetic bone diseases and in vivo mouse models. Inactivating mutations in the gene
for LRP5 result in osteoporosis-pseudoglioma syndrome in humans, whereas “gain of function’
mutations in LRP5 are associated with a syndrome of hereditary high bone density (51,52).
Over-expression of B-catenin in osteoblasts has been demonstrated to induce osteoblast
proliferation and a high bone mass phenotype. (53), furthermore, increasing Wnt signaling by
inhibition of GSK-3b has been demonstrated to increase bone mass in vivo (54). The key role
of Wnt signaling in stimulating bone formation has raised the possibility that this signaling
pathway may be important in diseases associated with abnormal bone formation, including
multiple myeloma. In support of this, increasing Wnt signaling in the bone microenvironment
in multiple myeloma, by inhibition of GSK-3b with LiCl, resulted in the inhibition of myeloma
bone disease, using a murine model of myeloma (55).

There are 2 classes of extracellular antagonists of the Wnt signaling pathway, with distinct
inhibitory mechanisms, acting either by binding directly to Wnt (secreted FRPs, WIF-1) or by
binding to part of the Wnt receptor complex (Dkk family). Recent evidence suggests a role for
each of these classes of inhibitors in the development of myeloma bone disease. The soluble,
extracellular antagonist of the Wnt signaling pathway, Dkk-1, has been identified as a potential
mediator of osteoblast dysfunction in myeloma bone disease (56). Dkk1 is expressed by
osteoblasts and bone marrow stromal cells, and has been demonstrated to inhibit bone
formation in osteoblasts in vitro (57). In vivo evidence of the critical role of Dkk1 in bone
biology is provided by transgenic mice overexpressing the soluble antagonist of Wnt, Dickkopf
1 (Dkk1) in osteoblasts that develop severe osteopenia, whereas deletion of a single allele of
DKK1 resulted in an increase in bone mass (58,59). Over-expression of Dkk1 in bone marrow
aspirates from patients with multiple myeloma was initially identified by cDNA microarray.
DKkk1 concentrations were increased in bone marrow plasma and peripheral blood of patients
with multiple myeloma, as compared to healthy individuals or to patients with MGUS (56). In
addition, osteoblast differentiation was blocked by bone marrow serum from patients with
myeloma, and the inhibitory effect was found to be the result of Dkk1 in the serum. The
development of myeloma bone disease is dependent upon interactions within the local bone
marrow microenvironment and myeloma cells have been demonstrated to interact with
osteoblasts and up-regulate expression of Dkk1 by osteoblasts (60). Furthermore, interactions
between myeloma cells and mesenchymal stem cells have been demonstrated to promote the
growth of myeloma cells, resulting in an increase in Dkk1 and consequent inhibition of
mesenchymal stem cell differention into osteoblasts (61). Preclinical studies have
demonstrated the potential for targeting Dkk1 in myeloma bone disease. The treatment of
myeloma-bearing SCID-rab mice with anti-Dkk1 antibody reduced osteolytic bone lesions,
increased osteoblast number and significantly reduced tumor burden (62). Secreted Frizzled
related protein-2 (sFRP-2) is a soluble antagonist of Wnt signaling which has been shown to
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be expressed by human myeloma cells (63). Furthermore, both exogenous sFRP-2 and
myeloma-cell derived sFRP-2 have been shown to play a key role in bone formation in vitro,
raising the possibility that SFRP-2 may play arole in the development of myeloma bone disease.

Transforming Growth Factor-

Runx2

IL-3

HGF

Transforming growth factor-beta is a ubiquitous, multifunctional growth factor that is released
from the bone matrix during osteoclastic bone resorption and acts to inhibit osteoblast
differentiation. In addition to inhibiting myeloma growth, inhibition of TGF-p signaling has
been shown to block the ability of myeloma cells to inhibit osteoblast differentiation in vitro.
These results suggest a role for TGF- in mediating osteoblast dysfunction in myeloma, and
the potential for targeting TGF-p in the treatment of myeloma bone disease (64).

Runt-related transcription factor 2 (Runx2) is a transcription factor which acts to promote the
formation and differentiation of osteoblasts from mesenchymal stem cells. Myeloma cells were
found to inhibit Runx2 activity and reduce osteoblast differentiation in osteoprogenitor cells;
an effect that was mediated by both cell-cell contact and interleukin 7 (65). In support of a role
for Runx2 in the pathophysiology of myeloma bone disease, a significant reduction in the

proportion of Runx2 positive osteoblasts was observed in patients with myeloma with evidence
of osteolytic bone lesions, compared to those patients with no evidence of bone disease (65).

Recent evidence suggests that IL-3 may play a role in regulation of bone formation in myeloma
bone disease. (12,66). While IL-3 had no effect on osteoblast cell lines, IL-3 inhibited basal
and BMP-2 stimulated osteoblast formation from primary stromal cells in vitro. The inhibitory
effects of IL-3 on osteoblast differentiation were found to be an indirect effect as a result of
increasing the number of CD45+ hematopoietic cells in stromal cultures. Furthermore, bone
marrow plasma from patients with myeloma was found to inhibit osteoblast differentiation,
and this effect could be blocked with a neutralizing antibody to I1L-3. These data identify IL-3
as a potential mediator of myeloma bone disease, with a dual effect to directly increase
osteoclastic bone resorption, and indirectly inhibit osteoblast differentiation.

Hepatocyte growth factor (HGF) is produced by myeloma cells and is increased in the serum
of patients with multiple myeloma (67) where levels of HGF are correlated with a poor
prognosis (68). Furthermore, serum concentrations of HGF were negatively correlated with
levels of bone specific alkaline phosphatase in patients with multiple myeloma, suggesting a
role for HGF in myeloma bone disease (69). In support of this, HGF was found to inhibit BMP-
induced osteoblastogenesis, including expression of the transcription factors Runx2 and
Osterix, potentially by inhibiting nuclear translocation of receptor-activated SMADs (69).

Proteasome Inhibitors

Proteasome inhibition is a new therapeutic strategy in the treatment of multiple myeloma,
which is based on the exquisite sensitivity of myeloma cells to the activity of the proteasome.
Bortezomib (Velcade™; PS-341) is a potent inhibitor of myeloma cell growth and survival in
vitro and results indicate striking therapeutic efficacy and acceptable toxicity profile of
intravenous bortezomib in myeloma patients when administered alone or in combination with
dexamethasone and/or chemotherapeutic agents, after relapse or at first presentation (70-74).
In addition to myeloma cells, osteoblasts are also sensitive to proteasome inhibitors, and we
have recently shown that structurally-unrelated inhibitors of the ubiquitin-proteasome pathway
(including bortezomib) have beneficial anabolic effects on the skeleton in vivo (60,75).
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Furthermore, proteasome inhibitors have also recently been demonstrated to inhibit osteoclast
formation and bone resorption (76). These studies suggest that the effects of bortezomib in
myeloma may be due, at least in part, to the direct effects of proteasome inhibitors to prevent
myeloma bone disease. In support of these observations, Bortezemib has been demonstrated
to reduce tumor burden and increase BMD in myeloma-bearing mice using the SCID-rab model
of myeloma, an effect associated with an increase in osteoblasts and a reduction in osteoclasts
(77). Clinical studies have demonstrated significant increases in markers of bone formation,
including alkaline phosphatase and osteocalcin in those patients who responded to bortezomib
treatment (78-81). In addition to changes in markers of bone formation, bortezomib treatment
has also been shown to result in a reduction in serum Dkk1 and RANKL (82). These studies
also suggest that the effect of bortezomib on bone formation is specific to proteasome
inhibition, and not a result of reducing tumor burden. Thus, bortezomib may be effective both
for the treatment of myeloma and of the associated bone disease.

THERAPEUTIC APPROACHES

Current therapeutic approaches for the treatment of myeloma bone disease include the use of
bisphosphonates, radiation therapy, surgery, kyphoplasty and vertebroplasty. Bisphosphonates
are effective in the treatment of myeloma bone disease, however are limited by their inability
to promote new bone formation. Furthermore, bisphosphonates have recently been associated
with the development of osteonecrosis of the jaw, identified in 4-6% of myeloma patients
receiving intravenous bisphosphonates. As our understanding of the mechanisms involved in
the development of myeloma bone disease increases, this identifies novel potential therapeutic
approaches. Dysregulation of the RANKL-OPG system is a critical mechanism in the
development of myeloma bone disease. Initial attempts to target this system used a recombinant
OPG construct (AMGN-0007), which was found to be well tolerated and caused a rapid and
sustained dose-dependent decrease of bone resorption marker levels, comparable to
pamidronate (83). However, concerns about the development of antibodies to OPG prevented
further development of this drug. More recently, a humanized monoclonal antibody to RANKL
has been developed (Denosumab, AMG 162). This antibody is specific for RANKL, and does
not bind to any other members of the TNF superfamily. In a recent clinical trial, the effect of
Denosumab on safety and efficacy was investigated in patients with breast cancer or multiple
myeloma with radiologically confirmed bone lesions. (84) A single subcutaneous dose of
Denosumab was well tolerated and caused a sustained reduction in markers of bone resorption.
Preclinical trials in murine models of myeloma suggest that targeting osteoblastic bone
formation in multiple myeloma may be an effective therapeutic approach, however, with the
exception of proteasome inhibitors, as described previously, these approaches have not yet
reached clinical trial.

SUMMARY

The dramatic and destructive bone loss associated with myeloma bone disease is the result of
the powerful combination of an increase in osteoclastic bone resorption and a decrease in
osteoblastic bone formation. As our understanding of these cellular and molecular mechanisms
increases, potential therapeutic targets are identified which may be effective in the treatment
of myeloma bone disease (Figure 3). Furthermore, there is increasing evidence to demonstrate
the efficacy of reducing tumor burden to indirectly reduce myeloma bone disease. Current
therapeutic approaches include the use of bisphosphonates, which, while effective inhibitors
of osteoclastic bone resorption, are limited by their inability to stimulate new bone formation
and repair existing osteolytic bone lesions. Based on our increasing knowledge, the most
effective therapeutic approach may be to target both the osteoclastic and the osteoblastic
components of myeloma bone disease, to not only prevent further bone loss but to repair bone
already damaged during the development of multiple myeloma.
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Figure 1. Factors implicated in myeloma bone disease

Myeloma bone disease is associated with an increase in osteoclastic bone resorption and a
reduction in osteoblastic bone formation. A number of key factors have been identified which
play a role in either bone resorption or bone formation.
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Figure 2. Cell-cell interactions in myeloma bone disease
Direct Interactions between myeloma cells and bone marrow stromal cells or osteoclasts play
a critical role in the development of myeloma bone disease.
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Figure 3. Therapeutic approaches in myeloma bone disease

The osteoclast and osteoblast are potential therapeutic targets in the treatment of myeloma bone
disease. Proteasome inhibitors and inhibitors of Dkk1 increase osteoblastic bone formation,
whereas bisphosphonates and anti-RANKL inhibit osteoclastic bone resorption.
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